INTRODUCTION
In marine sediments, the biogeochemical cycles of carbon, oxygen and nitrogen are tightly coupled (e.g. Hulthe et al. 1998 , Christensen et al. 2003 . When the oxygen supply or organic carbon input vary, marked changes occur in the dominant metabolic pathways of the benthic microbial processes and affect the delicate balance between the various nitrogen processes (e.g. Risgaard-Petersen et al. 1994 . Biogeochemical processes during nitrogen cycling in surface sediments of coastal marine systems include various reactions such as nitrification, denitrification, reoxidation of anaerobic byproducts by nitrate, dissimilatory reduction of nitrate (or nitrite) to ammonium (DNRA) and anaerobic ammonium oxidation by nitrite ABSTRACT: Experimental data and simulations were used to investigate the seasonal coupling between carbon, nitrogen and oxygen cycles in marine sediments from a eutrophic shallow lagoon in the Mediterranean Sea area. A negative seasonal correlation was observed between oxygen consumption and coupled nitrification-denitrification rates in surface sediments. Elevated values of oxygen consumption rates were reached during warm periods (up to 87.7 mmol m -2 d -1
) whereas nitrification and denitrification rates remained close to the lowest rates reported for coastal sediments (values around 0.021 to 0.35 mmol N m -2 d -1 for nitrification and 0.014 to 0.045 mmol N m -2 d -1 for denitrification). A steady-state diagenetic model closely represented the seasonal negative correlation of oxygen uptake, coupled nitrification-denitrification rates, the vertical distribution patterns of pore water oxygen and the solid phase distribution of organic carbon when nitrification inhibition by sulfide was included. Simulation adjusted to field data also highlighted the importance of oxygen penetration depth in the seasonal variation of nitrification. The modelling indicated that anaerobic metabolism was the most significant pathway (65 to 80%) during organic matter mineralization with a clear seasonal increase during warm periods. These warm periods were also characterized by the higher benthic demand of oxygen mostly used to re-oxidize the by-products from anaerobic reactions (from 57 to 82%), the other part being used for carbon mineralization.
KEY WORDS: Nitrogen dynamics · Carbon · Oxygen · Coastal sediment · Diagenesis modelization to dinitrogen gas (anammox) (e.g. Blackburn & Sørensen 1988 , Kuypers et al. 2003 , Dalsgaard et al. 2005 . Nitrification, the bacterially mediated oxidation of ammonium and nitrite to nitrate by oxygen, is the main source of nitrate in marine environments. Several studies have pointed out the occurrence of anaerobic production of nitrate by manganese oxides (Luther et al. 1997 , Hulth et al. 1999 , Anschutz et al. 2000 , Hyacinthe et al. 2001 . Sediment denitrification can occur just below the oxic-anoxic interface when oxygen is depleted by oxic mineralization (e.g. Froelich et al. 1979 , Jensen et al. 1993 or in anoxic microenvironments within the oxic surface layer (Brandes & Devol 1995) . Denitrification is a key process in the sediment nitrogen cycle since it constitutes an important sink for nitrogen in organic rich sediments (e.g. Christensen et al. 1987 , Devol 1991 , although at least locally anammox may be as important . This nitrogen loss from the system can counteract the eutrophication process often occurring in shallow benthic environments (Eyre & Ferguson 2002) . Major factors regulating nitrification and denitrification are usually the availability of oxidants (oxygen, nitrite/ nitrate) and the supply of reductants such as organic material for heterotrophic denitrification or ammonium (e.g. Henriksen & Kemp 1988 , Lohse et al. 1993 ) as well as inhibiting metabolites such as hydrogen sulfide (Joye & Hollibaugh 1995) . The stimulation of nitrification and inhibition of denitrification by oxygen lead to a complex regulatory pattern for the coupled process of nitrification-denitrification (Kemp & Dodds 2002) . Although carbon, nitrogen and oxygen cycles are tightly coupled and strongly dependent on seasonal variations, few studies have investigated the regulatory factors in the context of temporal and spatial variability.
To elucidate the interplay between processes regulating nitrification and denitrification and their temporal and spatial variations, we explored the biogeochemical cycling of C, O 2 and N in a shallow lagoon of contrasted benthic environments and marked seasons. The Thau Lagoon in southern France is characterized by shellfish farming and a responsive drainage basin. In this lagoon, the changes in environmental conditions associated with shellfish farming and runoff from land strongly influence the nitrogen cycle at the sediment -water interface (Gilbert et al. 1997) . The seasonal and spatial variations of sedimentary oxygen distributions appeared strongly related to the carbon input and temperature variations .
Using a combination of field and laboratory measurements with modelling, this temporal and spatial coupling was first investigated over different seasons at 2 stations (1 outside and 1 inside the shellfish farming area) and then explained through the identification of the various factors controlling nitrogen, carbon and oxygen dynamics. The relative importance of the main reaction pathways during organic matter mineralization was also investigated through the quantification of nitrification-denitrification rates and oxic-anoxic mineralization rates.
MATERIALS AND METHODS
Study sites. The study was carried out during 5 cruises (December 2001 , April and August 2002 , January and May 2003 in the Thau Lagoon, a shallow lagoon of 75 km 2 located in southeastern France near Montpellier (Fig. 1) . Average depth of the lagoon is 4 m (locally up to 10 m). This lagoon is connected to the sea through the narrow channels of Sète and receives freshwater mostly from the Vène and Pallas rivers, which represent 43% of the total watershed (280 km 2 ). Typical characteristics of the lagoon are related to shellfish farming activity. Activities associated with shellfish cultivation cover about 20% of the total lagoon area and produce about 35 000 t of shellfish yearly (Hamon & Tournier 1981) . This study was carried out in 2 different sampling stations, one outside (Stn C4: 43°24.029' N, 3°36.701' E; ca. 8 m depth) and the other inside the shellfish park, more precisely in corridors located a few meters from mussel tables (Stn C5: 43°25.990' N, 3°39.656' E; ca. 8 m depth). Shellfish hang on ropes from a support table to a depth outside and Stn C5 inside the shellfish farming area of up to 1 m from the sediment floor. The shellfish farmers' work consists of the weekly maintenance of the production by boat. In such conditions, sediment disturbance is insignificant at Stn C5 where water column depth is high. The sedimentary features observed on X-ray images, the grain size curve and porosity measurements roughly show the same lithological facies at both stations: a gray, silty, clay sediment with shells and shell debris, a mean grain size between 10 and 20 µm (Schmidt et al. 2007 ) and a mean (± SD) surface porosity of 0.90 ± 0.05 ). Nevertheless the density variation of gray levels observed on X-ray images is quite different along the cores. In the first 10 cm of Stn C4, shells are more abundant in homogeneous clay sediment. At Stn C5, sediments are made up of silty clay with small bivalve shells and have light gray levels near the interface, indicating a very fresh sedimentary deposit (Schmidt et al. 2007 ). This is in accordance with measurements of the Hydrogen Index (which gives a rough estimate of the organic matter quality) that revealed a more biodegradable material at this station compared with that at Stn C4 ). Bioturbation rates derived from both 234 Th and 7 Be radionuclide profiles range between 1 and 10 cm 2 yr -1 at Stn C4 and 1 and 31 cm 2 yr -1 at Stn C5 with highest values observed during the warmer periods. This latter station presents a higher seasonal variability, which is probably related to its position near oyster farms. Analyses of macrobenthos (organism density, total biomass, dominant species) and sediment reworking indicated roughly similar organism density and total biomass despite a different macrobenthos community and higher and deeper benthic mixing intensities at Stn C5 ( 210 Pb cross-sectional profiles exhibit a wellpronounced mixed layer of 10 cm depth at Stn C5) (Duport et al. 2007 , Schmidt et al. 2007 ). Both stations consisted of a classical mixture of muddy sand in sheltered areas and fine sand assemblages. At Stn C4, however, species characteristically associated with fine sand were dominant while Stn C5 was dominated by species characteristic of the muddy sand in sheltered areas. The presence of Capitella capitata at Stn C5 indicated a high level of organic material, probably in relation to the proximity of shellfish tables.
Porewater and solid phase. In situ measurements of vertical oxygen microprofiles were acquired using a microprofiler (Unisense ® ) mounted on a tripodal frame and positioned by divers on the sea floor with minimum sediment disturbance . A minimum time period of 30 min was allowed to pass before starting the measurement program. After this waiting period the cylinder was lowered step-wise by a pre-programmed motorized system. Dissolved oxygen concentration was measured by polarographic oxygen microelectrodes provided with a built-in reference and an internal guard cathode (Revsbech 1989) . The oxygen microsensor tip had an outer diameter of 100 µm, a stirring sensitivity below 1%, a 90% response time below 10 s and a current drift of less than 2% h -1 . The diffusive oxygen uptake (J diff ) of the sediments was estimated from oxygen microdistributions at the sediment -water interface using Fick's First Law of diffusion:
where φ is the sediment porosity, Ds the molecular diffusivity of oxygen in sediment (cm 2 s -1
), z the depth in sediment (cm). The inverse of the formation resistivity factor (F -1 ), measured at each depth , can be scaled to porosity using the empirical Archie relation:
, where m is determined experimentally depending on sediment type (Ullman & Aller 1982) . For coastal muddy sediments where porosity ≥ 0.7, the value used for m is estimated to be 2.5 to 3. Following this relation, we find that Ds = Do φ m-1 and
, where Do is the molecular diffusivity of oxygen in water at in situ temperature (cm 2 s -1
). Validity of the calculations was checked using the PROFILE software (Berg et al. 1998 ) to calculate diffusive oxygen fluxes . A fair consistency between J diff calculated from the interface method and those provided by the PROFILE software appeared, with differences lower than 10% in most instances. In marine sediments, total oxygen uptake represents the oxygen balance between production and respiration through processes such as diffusive and advective exchanges and fauna-mediated oxygen uptake. A preceding study on the oxygen dynamics compared total oxygen uptake with diffusive oxygen fluxes during April 2002 and May 2003 to evaluate the importance of advective processes and bioturbation in this studied system . At Stn C4, results showed that total oxygen uptake measured in a transparent benthic chamber was 3 times greater than diffusive oxygen fluxes in April 2002, which indicates that about two-thirds of oxygen uptake was faunamediated, whereas total oxygen uptake was statistically equivalent to diffusive oxygen fluxes in May 2003. At Stn C5, average total oxygen uptake was similar to diffusive O 2 fluxes in April 2002 and May 2003, indicating that the governing oxygen transport is mainly diffusive. Except at Stn C4 during April 2002, this indicates an acceptable estimation of total oxygen uptake through the determination of diffusive oxygen uptake. Because we do not have temporal variation of total oxygen uptake, we cannot extend this conclusion to the other seasons.
Separation of the porewaters from the sediment was performed by equilibration probes (peepers) (Hesslein 1976) or by centrifugation of sectioned sediment cores. Nitrate plus nitrite and ammonium contents were determined in both stations using the Merk Spectroquant ® 14752 according the method of Anderson (1979) and by flow injection analysis (FIA) according the method of Hall & Aller (1992) . Only 2 nitrate plus nitrite profiles were acquired at both stations during December 2001 (data not shown) and measurements showed very low concentrations in the pore waters at all depths (≤1 µmol l -1 ). During each cruise, sediments for microbial activity measurements were collected at both stations (3 samples per station) by scuba diving using PVC cores (10 cm inside diameter, 30 cm height). Nitrification and denitrification rates in the sediment were assessed with the acetylene-blockage method that used various partial pressures of acetylene to selectively inhibit nitrification or denitrification (Klemedtsson et al. 1988) .
To measure nitrification rates, the upper 2 cm of each sediment was divided into 3 sets of triplicate 0.7 ml samples and transferred into 10 ml tubes with 2 ml of seawater from each corresponding station. Seawater was then supplemented with chloramphenicol (final concentration, 1 g l -1
) to prevent bacterial growth during incubation. The tubes were sealed with rubber stoppers. In half of the tubes, acetylene was injected to 10 Pa final concentration to specifically inhibit the first step of nitrification (NH 4 + oxidation) (Klemedtsson et al. 1990) . Then all of the tubes were vortexed. Samples were incubated in the dark at the experimental temperature for 0, 1, 3, 5 and 8 h. After incubation, each tube was treated with 0.1 ml of 1 M HgCl 2 solution. The nitrification rate was measured as the difference of NO 3 -production in both the absence and presence of acetylene.
To measure denitrification rates, subsamples (0.7 ml) from each upper 2 cm of sediment were transferred into 5 ml tubes with 2 ml of seawater from each corresponding station. Seawater was then supplemented with chloramphenicol (final concentration, 1 g l -1
) to prevent bacterial growth during incubation. The tubes were sealed with rubber stoppers and anaerobic conditions were obtained by flushing N 2 through the tube for 2 min. Acetylene, which selectively inhibits the reduction of N 2 O to N 2 , was injected in the gas phase (final concentration, 15 kPa) and the tubes were vortexed. Samples were incubated in the dark at the in situ temperature for 0, 1, 3, 5 and 8 h. Before analysis, each tube was treated with 0.1 ml of 1 mol l -1 HgCl 2 solution. Denitrifying activity was considered as the linear initial rate of N 2 O accumulation in the gas phase during incubations.
Nitrous oxide (N 2 O) in the tubes was determined by gas chromatography (HP5890, Series II) with an electron capture detector and an automatic injector (Dani HSS 86.50; oven at 50°C; manifold, 50°C; injection tube, 150°C. Chromatographic operating conditions: oven 50°C; injector, 150°C; detector, 260°C). Nitrogen was used as carrier gas at a flow rate of 20 ml min -1 . Porewater nitrate was reduced on a Cu-Cd column adapted to Technicon II according to Treguer & Le Corre (1975) . Nitrite concentrations were determined colorimetrically by the method of Bendschneider & Robinson (1972) .
Total organic carbon (TOC) content (% by weight) of the investigated sediments was measured with RockEval pyrolsis (Espitalié et al. 1985) and a RE6 device (Vinci Technologies). The analyses were carried out on 100 mg of dried and homogenized samples with a temperature program starting from 300°C for 20 min and increasing up to 600°C at 25°C min -1 under a N 2 flow, followed by oxidation at 600°C for 7 min under an oxygen flow. TOC was only measured during an intermediate cruise of April 2002 at both stations.
Diagenetic modelling. A steady state version of a numerical coupled diagenetic model, OMEXDIA (Soetaert et al. 1996) , has been applied to the measured profiles of oxygen, ammonium and TOC to estimate the seasonal variation of C and N cycling, the rates of total carbon oxidation and the relative contribution of the majors pathways linked to organic matter mineralization as a function of station and season.
Description of model: OMEXDIA is a numerical nonlinear coupled model based on the 1-dimensional diagenetic equations as presented by Berner (1980) and Boudreau (1997) . Solutes are transported by molecular diffusion, whereas the solid phase is transported by advection, compaction and bioturbation. By describing aerobic carbon mineralization, nitrification and denitrification and combining anaerobic mineralization processes, the model generates profiles of oxygen, nitrate, ammonium, Oxygen Demand Units (ODU; i.e. the amount of oxygen necessary to reoxidize reduced counterparts from anaerobic mineralization) and carbon.
Solid phase organic carbon is modelled as 2 degradable fractions characterized by different first order degradation rates (labile and more refractory) and C:N ratios to account for decreasing organic matter reactivity with sediment depth. Mineralization rates are mainly limited both by carbon (first order kinetics) and oxidant availability (Michaelis-Menten type kinetics). Nitrification of ammonium was described separately, which allowed a dynamic coupling of nitrification with anoxic mineralization.
Microbial processes: The idealized model reactions considered to influence the distribution of porewater solutes were (Soetaert et al. 1996) where the stoichiometry of the organic matter is represented by the coefficients x (molar C:P ratio) and y (molar N:P ratio) and ODU. As described in Soetaert et al. (1996) , we assigned to ODU the diffusion coefficient of hydrogen sulfide (HS-) as it is the byproduct of sulfate reduction, the most prominent anoxic mineralization process in coastal marine sediments. This is particularly adapted to the benthic environment being studied where sulfate reduction is the dominant anoxic process compared to manganese or iron oxide reduction (Metzger et al. 2007) .
As suggested by Joye & Hollibaugh (1995) the presence of sulfide may inhibit nitrification and, consequently, coupled denitrification. A possible control of the nitrogen cycle by sulfide in the sediments close to the shellfish zone was then tested with the diagenetic model by adding a coefficient of sulfur inhibition (ODU Inhibition Factor) in the initial nitrification equation that becomes (Eq. 1):
( 1) where Kin Nit ODU is the half-saturation constant for nitrification inhibition by ODU (µmolO 2 l -1 ), OxicMin 1 is the amount of labile carbon oxidized by oxygen and OxicMin 2 is the amount of refractory carbon oxidized by oxygen.
Model calibration: To calibrate the model, in situ oxygen, nitrate, ammonium, TOC and ODU concentrations with depth in the sediment were reproduced and the goodness of fit was evaluated by visually comparing the profiles obtained from the models with those that were measured. Goodness of fit was also evaluated with the model cost function which quantifies the discrepancy between observed data and modelled values. The lower the cost function was, the better the model described the data. Model calculations were performed using parameters measured in the field such as sedimentation rates, macrofaunal reworking activities (bioturbation), porosity profiles, bottom water temperature and ion concentrations in bottom and intersitial waters (O 2 ). Biogeochemical parameters such as Q 10 and NH 4 adsorption were obtained from literature, whereas the mean carbon flux, proportion of labile and refractory carbon, and the limitation and inhibition constants were adjusted to match both the observed concentration profiles of O 2 , organic C, NO 3 -and NH 4 + and the measured rates of oxygen uptake, nitrification and denitrification. The list and sources of all fixed parameters used in the model from field measurements are presented in Table 1 . Those from literature and those obtained by calibration are presented in Table 2 .
The bottom water nitrate concentration was arbitrarily fixed at 1 µmol l -1 according to the nitrate plus nitrite profiles acquired during the December cruise at both stations. Finally, our calibration exercise aimed at providing the best fits to concentration versus depth profiles. The relative contribution of the different pathways during organic matter degradation was determined from these simulation results.
RESULTS

In situ temperature and bottom water oxygenation
The bottom water temperature followed a seasonal pattern and varied from 9.6°C in December 2001 to 23°C in August 2002, dropping to a minimum of 8.5°C in January 2003. Mean (± SD) oxygen concentration in the bottom water varied from 160 ± 8 to 320 ± 16 µmol l -1 at Stn C4 and from 194 ± 8 to 315 ± 8 µmol l -1 at Stn C5 
Porewater and solid phase distributions
A total of 85 oxygen profiles were measured at both stations during the 5 investigative cruises ). The decrease of oxygen concentration with depth and the absence of oxygen over-saturation at the sediment interface indicate the dominance of benthic respiration overall. A microphytobenthos community could be present in such a shallow lagoon. However, in ) (Thouzeau et al. 2007 ). By comparison, irradiance measurements in a shallower site of benthic macroalgal photosynthesis, located on the northern fringe of the shellfish farming area (2.6 m deep), were 333 and 591 µmol quanta m -2 s -1 in April 2002 and May 2003, respectively. According to these low measured values of photosynthetically active radiation, microbenthos production was probably inhibited by water turbidity rather than frame shading. Therefore, the diurnal patterns in the oxygen profiles may not constitute a significant factor of heterogeneity. Note that the investigated sediments at Stn C5 located in corridors a few m from mussel tables were not shaded by the farming setup.
Across all profiles, oxygen penetration depths ranged from 0.4 to 5.6 mm with an annual average of 2.9 and 1.2 mm at Stns C4 and C5, respectively. The shallowest oxygen penetration depth was measured during the warm periods of August 2002 and May 2003 at both stations. This seasonal variation correlated well with the temperature increase and the bottom water oxygen decrease, which corresponded to a narrowing of the oxic zone. At the dm scale (corresponding to the distance between electrodes) oxygen microprofiles from each deployment showed a spatial heterogeneity illustrated by different oxygen gradients and penetration depths. The presence of an oxygen peak at depth in the December 2001 Stn C4 profile certainly indicates the presence of biological structures, and the irregular shape of some oxygen profiles, especially at Stn C5 in May 2003, may be associated with the higher sediment reworking activity during the warm periods. Ammonium profiles showed strong spatial heterogeneity between seasons and stations, with higher content evident in December 2001 and at Stn C5 inside the shellfish area (Fig. 2a,b) . At Stn C5, concentrations increased just below the sediment -water interface to reach approximately 600 µmol l -1 at the 20 cm depth. At Stn C4, outside the shellfish area, profiles show a large seasonal variation with ammonium present just below the sediment -water interface in December 2001, whereas it remained below 30 to 40 µmol l -1 in the first 20 cm in August 2002. In May 2003, no ammonium profiles were obtained. In the overlying water, concentrations always remained below the analytical limit of detection (i.e. approximately 1 µmol l -1 ). The 2 available TOC profiles measured in April 2002 were used for all model calculations (Fig. 2a,b) . At Stn C5, TOC content in the solid phase of the sediment decreased sharply from 4.4% at the top of the core to 3.3% at 1.75 cm depth and 1.7% at 7.5 cm. Below 7.5 cm, TOC content remained constant. At Stn C4, TOC content increased slightly from 3% at the top of the core to 3.2% at 1.75 cm depth, decreasing thereafter to 2.6% at 7.5 cm. Below this depth, TOC content remained constant down to 10.5 cm depth.
ODU profiles were calculated by multiplying ΣH 2 S concentration by 2 as each sulfide requires 2 O 2 to reoxidize and thus, 2 ODUs. Fe 2+ and Mn 2+ were neglected as they represent less than 10% of ΣH 2 S concentration and represent half an ODU for Mn 2+ and quarter of an ODU for Fe 2+ due to stoechiometric reactions (Soetaert et al. 1996) . The ODU profiles, obtained from porewater sulfide content in December 2001 and August 2002 (Metzger et al. 2007 ), showed differences between the stations and a marked temporal variation. At Stn C4, ODU appeared at a depth of 30 cm in December 2001 and at a much shallower depth in August 2002, whereas at Stn C5 sulfides were observed at a depth less than 10 cm.
Nitrification, denitrification and oxygen uptake rates
Mean (± SD) annual nitrification rates were 0.35 ± 0.05 and 0.021 ± 0.004 mmol N m -2 d -1 at Stns C4 and C5, respectively, and mean annual denitrification rates were 0.045 ± 0.007 and 0.014 ± 0.004 mmol N m -2 d -1
, respectively (Fig. 3) . Nitrification and denitrification rates were close to the lowest reported for most coastal marine and estuarine sediments (ca. 0.3 to 17.2 mmol N m -2 d -1 for nitrification and ca. 0.02 to 30.2 mmol N m -2 d -1 for denitrification) (e.g. Rysgaard et al. 1996 , Usui et al. 2001 , Christensen et al. 2003 . A large gradient of nitrification and denitrification activity appeared at the lagoon scale with significantly higher nitrification and denitrification rates occurring outside (Stn C4) than inside A biogeochemical gradient at the lagoon scale then appeared between the 2 stations, with diffusive oxygen uptake rates ca. 2 to 3 times higher at Stn C5, located under the shellfish parks and subjected to larger biodeposition, than at Stn C4 outside the shellfish farming area. Deposition of higher organic matter (OM) quality and quantity at Stn C5 would explain the larger oxygen demand and aerobic respiration rates compared with that at Stn C4 . At a smaller scale, oxygen flux scatter at Stn C5 appeared significant especially during warm periods; a flux scatter factor of 6. processes such as horizontal diffusion of oxygen from the benthic reworking activity. Note that because we used the diffusive fluxes calculation, we did not include rare bioturbated profiles (erratic shapes) in this study. In the previous study of Dedieu et al. (2007) , statistical evaluation (Kruskal-Wallis test) of the oxygen flux heterogeneity inside stations and between seasons showed a clear difference between oxygen fluxes of cold and warm periods at Stn C4 (95% of confidence level). Stn C5 showed a different pattern, with oxygen fluxes statistically grouped in a single population. From the results, it appeared that a clear seasonal variation existed at Stn C4, whereas a large spatial heterogeneity hiding the temporal variability occurred at Stn C5.
Major model outputs
The first tests conducted without sulfide inhibition showed larger nitrification and denitrification rates than those measured experimentally (Table 3) ). A possible control of the nitrogen cycle by sulfide was then tested with the diagenetic model by adding a coefficient of sulfur inhibition. Results showed that nitrification and denitrification rates were lower in the sulfide-enriched sediment and closer to measured rates indicating the natural potential of these processes in the sediments studied. Fig. 4 illustrates the good agreement between measured and calculated seasonal variations of nitrification, denitrification and oxygen fluxes when sulfide inhibition was added.
From this model adjustment, the major model outputs showed that diffusive oxygen fluxes and carbon deposition rates were 2 and 3 times higher at the station inside the shellfish park than at the station outside (Table 4) 
DISCUSSION
Seasonal nitrogen dynamics
Measurements of nitrification and denitrification revealed a seasonal pattern with maximum rates occurring in December 2001 and January 2003. A negative correlation between diffusive oxygen uptake and nitrification-denitrification rates appeared at both stations; while maximum oxygen fluxes were reached in August 2002 and May 2003, the same periods had the minimum nitrification and denitrification rates (Fig. 3) . Several factors are known to influence nitrogen and oxygen dynamics, such as temperature, bottom water oxygenation, oxic zone thickness and organic matter (d, m, r) at Stns C4 and C5. In situ nitrification and denitrification rates assessed using the acetylene-blockage method; diffusive oxygen fluxes calculated from in situ microprofiles input (Henriksen & Kemp 1988 , Herbert 1999 , Kemp & Dodds 2002 . In this system, temperature was found to be one of the main variables regulating the seasonal oxygen dynamics ). Nitrifying bacteria generally exhibit optimal growth and activity during the late spring and summer when maximal temperatures and higher content of (fresh) organic matter in sediments are found (e.g. Hansen 1980 , Seitzinger et al. 1984 . However, results showed that temperature varies inversely with nitrification and denitrification since higher rates were measured during cold periods. Therefore, temperature does not directly control nitrogen seasonal dynamics in this system.
With respect to the effect of bottom water oxygenation, some studies showed that potential nitrification and denitrification began to decrease around 100 to 150 µmol O 2 l -1 in temperate coastal waters , Kemp & Dodds 2002 . No such oxygen conditions were measured at our stations during the cruise periods (with minima around 150 µmol O 2 l -1 in August 2002 and May 2003); thus, oxygen limitation cannot explain the decrease of coupled nitrificationdenitrification rates during these warm periods.
Chemoautotrophic nitrifying bacteria are considered to be strictly aerobic and require free O 2 for NH 4 + and NO 2 -oxidation. Consequently, growth of nitrifiers is restricted to the oxic layers of sediments and the limits of downward oxygen diffusion directly affect microbial populations, altering and limiting coupled nitrification-denitrification. (e.g. Lorenzen et al. 1998) . Our data set and modelling suggest that fluctuation in oxygen penetration depth is related to nitrogen dynamics, especially at Stn C5 since the observed strong contraction of the oxic zone in August 2002 and May 2003 corresponded to the minimum nitrification and denitrification rates.
From model runs, nitrification and denitrification rates and their seasonal evolution appeared in accordance with field data where intensity of these processes was low, with minimum rates occurring during the warm periods of August 2002 and May 2003. Table 5 presents the overall contribution of the main pathways (denitrification, oxic and anoxic mineralization) in the sediments estimated by the model. Anoxic mineralization appeared significantly higher for organic matter cycling compared with denitrification and oxic mineralization at both stations. In August 2002 and May 2003 more than 80% of total mineralization occurred through anoxic routes. The remainder was essentially attributed to oxic mineralization since denitrification represented less than 1% of the organic matter degradation pathways. The model suggests that anoxic mineralization was higher at Stn C5 inside the farming area as compared with that at Stn C4 far from the shellfish zone. This could be related to the overall larger input of organic matter from shellfish farming activity. On a seasonal basis, winter was more favor- Schmidt et al. (2007) and Duport et al. (2007) . Other parameter values obtained from literature: NH 4 Adsorption, Soetaert et al. (1996) and Q 10 , Thamdrup et al. (1998) able to oxic mineralization at both stations presumably due to lower inputs of very labile organic matter. The model also revealed that the major part of oxygen consumption was used to re-oxidize byproducts from anaerobic reactions, especially at Stn C5 during the warm periods (Table 6 ).
Nitrogen and sulfur coupling
At the lagoon scale, the higher sulfide content in surface sediments of Stn C5 (Metzger et al. 2007 ) suggest a higher sulfide inhibition of nitrification, which would be in agreement with the lower nitrification and coupled denitrification rates measured in this station. At Stn C4, sulfide concentration started to increase at about the 15 cm depth in August 2002 and 30 cm in December 2001 and April 2002. According to Metzger et al. (2007) , this is due to the rapid sulfide interaction with reactive ferric minerals keeping sulfide low. This reduced amount of sulfide near the oxic zone may result in a lower inhibition of nitrification compared with Stn C5. Some studies suggested that manganese oxides could consume the potential pool of available NH 4 + to form N 2 or NO 3 - (Luther et al. 1997 , Hulth et al. 1999 , Anschutz et al. 2000 . However, neither NO 3 -nor Mn 2+ concentrations, required to support nitrification, were measured in significant amount in the anoxic zone of the sediments suggesting that this reaction did not occur.
Total ). This large measured NH 4 + efflux is in accordance with the large anaerobic mineralization at both stations and measured low rates of nitrification, which prevents ammonium consumption. Model outputs in May 2003 showed a similar trend with larger NH 4 + fluxes evident in the shellfish area (Stn C5) compared with the reference station (Stn C4), but the absolute flux values were larger than those from benthic chambers (13.8 and 6.1 mmol N m -2 d -1 at Stns C5 and C4, respectively). Model outputs also show larger NH 4 + and ODU concentrations in the sediment porewaters (Fig. 2) . This indicates a general overestimation of anoxic processes in the model that could be due to a temporal decoupling between aerobic and anaerobic mineralization processes. Another set of simulations with adjustments of NH 4 + and ODU profiles was achieved at both stations for the 2 distinct seasons of December 2001 and August 2003. The results show a large reduction of oxic and anoxic rates, which are incompatible with the observation made by microelectrodes, and have a lower impact on nitrification and denitrification rates (Table 7) . This decoupling of oxic and anoxic processes could be due to the difference in residence time in the oxic layer (a few days) compared with anoxic processes that occur deeper in the sediment and have a longer reaction time (a few months). There is also a seasonal pattern for the decou- ) from simulations of NH 4 /TOC and O 2 /TOC profiles pling of oxic and anoxic mineralization processes. This discrepancy could be partly explained by large variations in macrofaunal activity as shown by Schmidt et al. (2007) . Indeed, those authors displayed clear variations in the seasonal pattern and vertical distribution of sediment reworking intensities in the Thau Lagoon sediments that could influence transport of particulate and dissolved species. Modelling of reactive species took into account bioturbation, but not its variation with depth or time that could explain the NH 4 + and ODU profiles discrepancies. This decoupling emphasizes the necessity to consider the nonstationary state in perturbed sediments to better estimate the anoxic mineralization rates and improve the general representation of solutes profiles. The in situ data set and model information also suggest that oxygen availability in the sediment (oxic zone thickness) partially controls the seasonal variation of the nitrogen cycle, but plays a minor role in the average intensity of nitrification/denitrification at each station. Among the different processes that limit nitrification and denitrification, sulfide inhibition seemed to be significant in this lagoon whereas ammonium concentrations in pore waters and bottom water oxygenation were not limiting. These measurements also revealed that nitrification and denitrification intensity were negatively correlated with the organic carbon mineralization due to the sulfide production in organic-rich sediments.
